The origins, scope and utility of compilations of metal± ligand and intraligand bond lengths based on the Cambridge Structural Database are discussed. The limitations on the apparent uncertainty of metal±ligand bond lengths derived from crystallographic data and recent evidence of metal-assisted hydrogen bonding involving ligands are reviewed in the light of the transferability of bond-length values from one crystal structure determination.
Introduction
In modern chemistry crystallography has played a crucial role in providing increasingly rapid means of identifying molecules and their geometries, usually as a result of single-crystal X-ray diffraction studies. These studies are typically carried out as part of a broader programme of research in which the synthesis of new molecules or assemblies is attempted. The result of the widespread use of single-crystal studies as the ®nal arbiter in the determination of molecular structure is a plethora of geometric data on molecules, their stereochemistries and both intramolecular and intermolecular geometries. Hundreds of thousands of crystal structure determinations in the ®elds of organic, inorganic and biological chemistry have now been carried out. The (published) outcomes of these studies have been collected in computer databases (Allen & Kennard, 1993; Allen, Bergerhoff et al., 1987) divided by subject area [small-molecule, inorganic (extended-array) , macromolecular, and metals and alloys]. The availability of these databases has led to the development of new ®elds of science in which the purpose is to extract new knowledge from collections of structures rather than explore the import of an individual structure. In this paper a speci®c sort of study of this type is considered, in which we seek to establish transferable typical dimensions for metal-containing moieties.
The principal collection of information on smallmolecule crystal structure analyses is the Cambridge Structural Database (CSD) (Allen & Kennard, 1993) . At present (February 1998) this contains data on over 175 000 crystal structures. The content of this database is highly chemically diverse, spanning the ®elds of organic chemistry (including amino acids, oligopeptides, steroids, sugars and oligosaccharides); coordination and organometallic complex chemistry (of the d-and f-block metals ± the transition elements), and the chemistry of the s-and p-block elements (main-group chemistry). The majority of the structures contain fully re®ned three-dimensional atomic coordinates based on relatively high resolution diffractometer data (typically to better than 0.9 A Ê ). In this respect the structural data differ from those in, for example, the Protein Data Bank (PDB). In the PDB the structures are (or the diffraction data from which they are derived are) primarily of lower resolution and cover a smaller range of chemical species. In many of these structures and in related macromolecular species, metals of the d and f blocks are present, for example in metalloproteins or in heavyatom derivatives of proteins.
The construction of re®nement models for such macromolecular structures, the use of restraints on their re®nement to ensure that they converge to`normal' geometries, or the validation of re®ned structures against known geometries, will inevitably rely on a store of reliable transferable data on inter alia metal±ligand and intraligand atomic distances. The CSD provides such data albeit in a form that requires processing before it can be used. In this paper the transferability of such data and the origin and utility of one major source of processed data (Orpen et al., 1989) , or perhaps better knowledge', about the geometry of metal±ligand interactions is reviewed. Fig. 1 shows the growth of entries in the CSD over the period 1950±1995. As may be seen growth is approximately exponential with the number of structures in the database doubling every 7 or 8 years. Of the structures in the CSD, over half are formally inorganic by virtue of containing metallic elements. In the vast majority of these cases the metal is from the d or f block. The abundance of data on both transition-metal complexes and organic compounds allowed compilations of bondlength tables for organic compounds (Allen, Kennard et al., 1987) and d-and f-block coordination and organometallic complexes (Orpen et al., 1989) . These tables were subsequently reproduced in Volume C of International Tables for Crystallography (Wilson, 1992) and (in part) in Appendix A of Structure Correlation (Bu È rgi & Dunitz, 1994) . They have attracted wide attention and use in ®elds ranging from computational chemistry (e.g. Pidun & Frenking, 1995) and surface science (e.g., Gierer et al., 1997) to structural biology whether using crystallographic (e.g. Djinovic et al., 1992) or X-ray absorption spectroscopic methods (Blackburn et al., 1991) .
Results
In the tables of data for metal complexes (Orpen et al., 1989) Bond-length data for the table were extracted from the September 1985 version of the CSD, which contained 49 854 structures (cf. > 175 000 12 years later). Of these, 9802 structures were used, those that satis®ed the stringent quality criteria (and contained d-or f-block metals) noted below.
(i) Atomic coordinates were available.
(ii) The structure was determined from diffractometer data.
(iii) The CSD entry contained no unresolved numerical errors.
(iv) Either the crystallographic R factor was <0.05 or it was <0.07 and the mean e.s.d. of the CÐC bond lengths was <0.03 A Ê .
(v) Only the most precise determination of a given structure was used.
Once retrieved, bond-length distributions and ligands in a given ligand class for bonds of a given metal were inspected and outliers lying more than four standard deviations from the mean of a unimodal distribution were discarded. Subdivisions of distributions according to chemical criteria were attempted when there were suf®cient data, so as to yield unimodal distributions with small sample standard deviations (typically <0.04 A Ê ). The statistics compiled for those cases having four or more data were as below.
(i) The unweighted sample mean, d.
(ii) The sample median, m.
(iii) The sample standard deviation, s. Finally, n is an important indication of the reliability of these statistics. Notably, in cases where n is small, the statistics may not be robust or reliable. If insuf®cient data were available individual bond lengths and the CSD refcodes (and their literature citations) were given.
Where possible the distribution for a given metal± ligand bond length was subdivided according to metal oxidation state and/or coordination number. In a few cases (O 2 , o-quinones etc.) the oxidation state of the ligand was used to subdivide bond-length distributions. In other cases statistics are given for the distribution excluding a special group of structures (e.g. those in which the bond is trans to a metal±metal bond).
As a result of these procedures these tables (Orpen et al., 1989) contain bond lengths for 45 metals (ScÐZn, YÐCd, LaÐLu, HfÐHg, Th and U), 15 contact atoms (H, BÐF, SiÐCl, AsÐBr, Te and I) and a total of 325 ligand types. Where appropriate intraligand bond lengths are also tabulated. In addition the table provides literature references to over 1650 individual structures, and 164 surveys and reviews of relevant areas of structural chemistry up to 1987. In this respect the table is both a source of bond-length data and entry into the literature.
Discussion
The tabulation for the d-and f-block metals provides a large compendium of highly processed data (or knowledge) for use in model building, restraint or validation. In many instances further work is required to explore the utility of the data in the CSD, e.g., as a means of testing theories of structure and bonding whether qualitative or quantitative. We and others have taken this approach. For example, we have sought to test the hypothesis that metalÐphosphine bonding has ' and p components, the latter based in part at least on the involvement of PÐC (or PÐO in phosphites) '* orbitals (Orpen & Connelly, 1990; Dunne et al., 1991; Garner & Orpen, 1993; Crispini et al., 1996) . However, more fundamental questions arise from the attempt to tabulate`standard' or`typical' bond lengths. In particular the transferability of the mean (or median) values to other chemical circumstances is critical to their usefulness. The bond-length distributions themselves show indications of variable reliability in this respect. Thus, for example, the ' value for FeÐPPh 3 bonds (0.038 A Ê ) is substantially larger than that for the PÐC bonds in PPh 3 ligands in general (0.011 A Ê ), despite the wide variety of metals bonded to P in this latter distribution. A number of causes may be posited for this phenomenon. Thus, in many cases, substituent effects at the metal remain unresolved (e.g. the trans or cis in¯u-ence of other ligands, the stereochemistry of the metal). In contrast the substituent pattern at the ligand is often fully de®ned, as in the case of PPh 3 . Also, the random errors (or precision) in the X-ray diffraction determined locations of lighter (ligand) atoms in the presence of many elements (such as the 4d, 5d and 5f elements) is poorer than in the structures of the lighter metals. Thus, while the overall ' value for CÐO bond lengths in terminal carbon monoxide ligands is 0.020 A Ê (10 022 cases), the corresponding values for individual 3d metals are in the range 0.011±0.024 A Ê , while for the 5d metals they are in the range 0.023±0.035 A Ê . Finally, one might also expect that metal containing bond lengths would have lower force constants and hence be more susceptible to the`packing effects' often cited by chemical crystallographers confronted by otherwise inexplicable geometrical variations. The discussion below addresses this point.
More generally one might ask, can we expect that a given bond in a given molecule has the same length in a different crystal environment? In 1970 Kitaigorodskii had no doubts on this point, at least for organic molecules. He wrote`the crystalline ®eld does not change the bond lengths of organic molecules' (Kitaigorodskii, 1970) . On the basis of our table of bond lengths of organic lengths (Allen, Kennard et al., 1987) there is little evidence that this assertion does not hold since many distributions show ' values of 0.01 A Ê or less, even before requiring that the molecular environment of a bond be identical.
The situation as regards metal±ligand bonds is less clear, although in general given their high atomic numbers the metals' locations (and hence their bond lengths) are rather precisely determined by X-ray diffraction measurements (Martõ Ân & Orpen, 1996) .
In general the variance (' 2 ) of a bond length between two elements (e.g. PtÐCl) may be described as in equation (1) 
Here ' 2 c is the variance due to the variation in molecular environment (trans in¯uence; metal oxidation state; coordination number etc.), ' 2 p is the variance due to variations in crystal environment (packing effects!) and ' 2 e is the variance due to experimental uncertainties. In general ' 2 c is much the largest contributor to ' 2 . By limiting the structures studied to those of relatively high precision ' 2 e may be reduced to a small proportion of ' 2 . Furthermore by studying the same bond in the same molecule in different crystal environments ' 2 c can be made exactly zero. Observations of the effect of crystal packing (and other possible sources of inaccuracy in structure determination) may be made by study of the same bond in cases (i)±(vi) below (Martõ Ân & Orpen, 1996) .
(i) Polymorphs of the given compound.
(ii) Structures where the molecular symmetry is higher than the crystallographic site symmetry.
(iii) Structures in which there is more than one molecule in the asymmetric unit.
(iv) So-called pseudo-polymorphs in which a molecular species forms multiple solvates and/or co-crystals.
(v) Salts of complex ions.
(vi) Combinations of (i)±(v). Furthermore, in principle, comparison between crystallographically determined geometries and those in the gas phase whether experimentally or computationally determined would provide estimates of ' p . As noted by Bernstein (Bernstein, 1992) , Kitaigorodskii suggested a number of these approaches.
In published work using methods (i)±(iv) we (Martõ Ân & Orpen, 1996) and others (Cotton & Yokochi, 1997) have obtained ' values (and ' p estimates) for metal complexes. Our work (based on data collected from the CSD) (Martõ Ân & Orpen, 1996) and that based on inhouse data (Cotton & Yokochi, 1997) showed that metal±ligand bond lengths show ' (and ' p ) values of the order of 0.01±0.02 A Ê across a broad range of ligand types (MÐX bonds, where X = Cl, O, N, S, P, C etc.). Furthermore, LÐMÐL angles show ' of the order 1±2 for these bonds, much larger than the ' e values reported on the basis of conventional crystallographic least squares.
More recently by method (vi), we have shown that perchlorometallate salts show similar ' values for a wide range of p-and d-block metals for which ' e values are very much lower (Orpen & Quayle, 1998 the ' values are very much larger (0.04±0.10 A Ê ) in accordance with the well known softness of the potential-energy surface of these ions (Carmalt et al., 1995) . This is in qualitative agreement with the expectation that bonds with lower force constants would show larger ' values. It has been noted that this expectation is not borne out quantitatively (Martõ Ân & Orpen, 1996; Cotton & Yokochi, 1997) .
The fact that ' p values are in general much larger than ' e has implications for how much reliance can be placed on an individual bond length from a single structure determination. As we have noted (Martõ Ân & Orpen, 1996) it seems likely that packing effects (i.e. intermolecular interactions) are largely responsible for the ' p values observed, although systematic errors in structure analysis may also be responsible
One signi®cant intermolecular interaction that may lead to the variations in bond lengths seen is, of course, the hydrogen bond. In recent work (Aullo Â n et al., 1998) we have shown that metal chloride complexes can act as effective hydrogen-bond acceptors through MÐ ClÁ Á ÁHO or MÐClÁ Á ÁHN interactions. The bonds formed are of similar length (modal value ca 2.3±2.5 A Ê ) to those formed by free chloride ions, and considerably shorter than the shortest CÐClÁ Á ÁHO or CÐClÁ Á ÁHN interactions (see Fig. 2 ). The stereochemistry of both MÐClÁ Á ÁHO/N and CÐClÁ Á ÁHO/N bonds is pronounced. In both cases, while near linear geometries are evidently favourable at hydrogen, the most likely angle at chlorine is markedly bent (typically 90±120 , see Fig. 3 ). The implications of the strength and pronounced angle preference in MClÁ Á ÁHX interactions implies that metal-assisted hydrogen bonding of this sort may have useful applications and consequences in the supramolecular chemistry of metal complexes of chloride and related ligands. Complementary work based on the CSD on the hydrogen bonding of organic carboxylate groups (not bound to metals) has been reported (Go È rbitz & Etter, 1992) , in which the biological chemistry of such interactions was emphasised.
Conclusions
The availability of substantial and highly validated tabulations of intramolecular geometries (bond lengths) is of great value to structural scientists in many ®elds, including biology. The compilations discussed here provide good coverage of large areas of the periodic table but need to be used appropriately in the light of caveats expressed here about the robustness of crystallographically determined bond lengths and angles, at least for metal complexes.
There is a clear and present need for computerized (searchable and accessible) compilations of this sort. More complete coverage of the periodic table, to cover s and heavy p-block elements for example, is desirable. In addition, the scope of these compilations needs broadening to incorporate non-bonded (intramolecular) distances, bond angles and conformational descriptors. The recent publication of the ISOSTAR knowledge base as part of the CSD system (Bruno et al., 1997) has led the way in providing a validated knowledge base for intermolecular interactions, of the sort now needed for intramolecular data.
